The optical characteristics of a multi-channel hybrid integrated light source were described for an optical interconnection with a bandwidth of over 10 Tbit/s. The power uniformity of the relative intensity of a 1000-channel light source was shown, and the minimum standard deviation  of the optical power of the 200 output ports at each 25-channel laser diode (LD) array was estimated to be 0.49 dB. This hybrid integrated light source is expected to be easily adaptable to a photonics-electronics convergence system for ultra-high-bandwidth interchip interconnections.
Introduction
The overall interchip bandwidth in central processing units (CPUs) used for high-end servers is expected to reach the 10-Tbit/s level by the late 2010s. Multi-core CPUs, three-dimensional (3D) memories, and 3D solid state drives are expected to be integrated on a silicon optical interposer that will support high-bandwidth optical interconnections among the components in an on-chip server targeted for OPEN ACCESS development in the 2020s [1] . Optical interconnection using silicon photonics is a promising solution to the problem of bandwidth bottleneck among large scale integration (LSI) chips because of the intrinsic properties of optical signals and the compatibility with complementary metal oxide semiconductor process technology. We previously proposed a photonics-electronics convergence system and we demonstrated a silicon optical interposer achieving a high bandwidth density up to 30 Tbps/cm 2 [2] . In this system, the integrated continuous wave (CW) light source on the interposer must be multi-channel and have high density. An over-1000-channel light source is required to reach a bandwidth of around 10 Tbit/s, if 10 Gbit/s per channel is assumed. We previously developed a hybrid integrated light source with a laser diode (LD) array on a silicon optical waveguide platform [3] and demonstrated a light source with over 100 output ports in which the number of output ports was increased by using a waveguide splitter and multichip bonding [4, 5] . Moreover, we demonstrated a hybrid integrated light source with over 1000 channels by showing the near field patterns of the output ports [6] and their structural optimization for low power consumption by considering the thermal interference between LD arrays [7, 8] .
In this paper, we describe optical characteristics of the 1000-channel hybrid integrated light source for ultra-high-bandwidth optical interconnections. In particular, we describe the power uniformity of relative intensity of output ports and discuss the reason of the power variation.
Multichannel Hybrid Integrated Light Source for Ultra-High-Bandwidth Optical Interconnection
We fabricated a light source with 1000 output ports [8] in which the silicon optical waveguides were split into eight waveguides by using cascaded 1 × 4 and 1 × 2 multimode interferometer (MMI) splitters and in which five LD array chips with 25 channels were mounted on a silicon waveguide platform by multichip bonding [4] (Figure 1 ). The size of the light source was 9700 m × 1250 m. The pitch of the output ports was set to 9 m in order to include 1000 ports in 1 cm, corresponding to the stepper shot size. The main structure of the light source is shown in Figure 2 [8] . Each LD in the array is a Fabry-Perot (FP) LD with a spot-size converter (SSC) including an inverse taper at the waveguide facet side and has a structure consisting of an InGaAsP base strained multiple-quantum-well buried heterostructure at a lasing wavelength of about 1.55m. The LD array chip is 600 m wide and 400 m long. The LD array has 25-channel stripes with 15-μm pitches and has alignment marks. The platform consists of silicon optical waveguides with SSCs and an LD mounting stage. The core section of the silicon waveguide is 440 nm wide and 220 nm high using a silicon on insulator (SOI) layer. The tip width and length of the tapered waveguide are 150 nm and 200 m, respectively. The waveguides include a 0.5-m-thick SiOx slab layer with a refractive index of 1.52, a 1.7-m-thick upper cladding layer with a refractive index of 1.46, and a 3-m-thick buried oxide (BOX) lower cladding layer. After fabricating the waveguide facet and removing the BOX layer from the mounting area by dry etching, the LD mounting stage has silicon alignment marks and silicon pedestals. An electrode was then formed on the silicon substrate. Figure 2 . Schematic of hybrid integrated light source with LD array on silicon platform made using SSC with SiOx slab layer.
Optical Characteristics of the Light Source
We describe the optical characteristics of the light source with 1000 output ports. We obtained the optical power of the 200 outputs at an operation current of ~1 A at each LD array, corresponding to ~40 mA per channel. The relative intensity was normalized by the average power of 200 output ports at each LD array.
On the basis of the relative intensity, we estimated the histograms and standard deviations at each LD array. Figure 3a ,b show a relative intensity of the 200 waveguide output ports at the first 25-channel LD array without and with a thermal control at a silicon substrate backside temperature of 20 °C. The power uniformity of the relative intensity is improved by thermal control. Since the LD mounting area on the platform was formed by removal of the BOX layer, the thermal impedance is relatively low, and the heat dissipation through the silicon substrate is effectively performed [8, 9] . Figure 4 shows a relative intensity of the 1000 waveguide output ports in the light source at the silicon substrate backside temperature of 20 °C. Optical outputs of the 1st-200th, 201th-400th, 401th-600th, 601th-800th, and 801th-1000th port at the first, second, third, forth, and fifth LD chip are shown in Figure 4a -e, respectively. Figure 5 shows a histogram of the relative intensity of the 1000 output ports, which is based on the results of the relative intensity as shown in Figure 4 . The standard deviations of 200 output ports at the first, second, third, fourth, and fifth LD array are 0.49, 0.64, 0.58, 0.70, and 0.64 dB, respectively. The standard deviation of the histogram is the same as the integrated light source with 104 output ports [4] . 
Power Uniformity by Heat Dissipation through Silicon Substrate
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Discussion of the Power Uniformity of the Light Source
We estimated the power uniformity of the light source. The power and loss budget of the output port consists of the power of the LD array, the coupling loss between the LD array and the waveguide facet, and the waveguide loss including fan-out waveguide and two cascaded MMI couplers. Figure 6 shows the simulation results of the LD array mounted on a silicon substrate at various injection currents from 40 mA to 100 mA at the silicon substrate backside temperature of 20 °C. The optical output for each channel in the 25-channel LD array considering the thermal interference between channels in the LD array chip is shown in Figure 6a . The optical power for the central channel against the number of LD array channels is shown in Figure 6b . While the temperature increase for the central channel (channel 13) was slightly higher than that of the outer channels because of the heat generated from both sides [8] , the optical output of the central channel is slightly lower than that of the outer channel. While the temperature for the central channel was increased with the number of LD array channels, the optical power was decreased with the number of LD array channels. The coupling loss between the mounted LD array and the waveguide facet formed by dry etching was 2.7 dB, which was almost the same as that of coupling tolerance measurement [8] . The uniformity of coupling loss was estimated from the output uniformity of the 13-channel LD array and the waveguide output in the integrated light source having the same length of waveguide array which was previously reported such as that the output power uniformity across the output ports was better than 1.3 dB while the output power uniformity across the LD array was better than 0.7 dB [3, 4] . This uniformity was a result of the simultaneous alignment at the flip-chip bonding. Figure 1 , while a transmission loss of the waveguide was 2.9 dB/cm. Since the length of the central port waveguide (100th or 101th port) is shorter than that of the outer ports, the waveguide loss is lower than that of the outer ports. The cascaded 1 × 2 and 1 × 4 MMI couplers had a splitting loss of 9 dB and an excess loss of ~1 dB.
Therefore, the power uniformity of the output ports, in particular at the first LD array and the fifth LD array as shown in Figure 4a ,e, can be estimated so that the power of the central channel and the outer channel is slightly higher than that of the other channels. There are several power variation components, but the power uniformity of the light source can be improved by a combination of the layout design and consideration of the thermal interference between the LD array channels. This estimation is also available for various types of hybrid integrated light sources with a LD array on a silicon optical waveguide platform such as the hybrid integrated silicon-photonics-base optical I/O cores [10] .
Conclusion
We described the optical characteristics of a multi-channel hybrid integrated light source for an optical interconnection with a bandwidth of over 10 Tbit/s. The power uniformity of the relative intensity of a 1000-channel light source was shown, and it was estimated that the minimum standard deviation  of the optical power of the 200 output ports at each 25-channel LD array was 0.49 dB. The power uniformity of the light source can be improved by a combination of the layout design and consideration of the thermal interference between the LD array channels. This hybrid integrated light source is expected to be easily adaptable to a photonics-electronics convergence system for ultra-high-bandwidth interchip interconnections.
